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[2017-2018 UNCG University Libraries Open Access Publishing Fund Grant Winner.] Many 
local scale studies have shown that bats respond to water quality degradation or urbanization in a 
species‐specific manner. However, few have separated the effects of urbanization versus water 
quality degradation on bats, in single city or single watershed case studies. Across North 
Carolina, USA, we used the standardized North American Bat Monitoring Program mobile 
transect protocol to survey bat activity in 2015 and 2016 at 41 sites. We collected statewide 
water quality and urban land cover data to disentangle the effects of urbanization and water 
quality degradation on bats at the landscape scale. We found that statewide, water quality 
degradation and urbanization were not correlated. We found that bats responded to water quality 
degradation and urbanization independently at the landscape scale. Eptesicus fuscus and Lasiurus 
cinereus negatively responded to water quality degradation. Lasiurus borealis and Perimyotis 
subflavuspositively responded to water quality degradation. Lasionycteris noctivagans did not 
respond to water quality degradation but was more active in more urbanized areas. Tadarida 
brasiliensis positively responded to urbanization and was less active in areas with degraded 
water quality. We show that bat–water quality relationships found at the local scale are evident at 
a landscape scale. We confirm that bats are useful bioindicators for both urbanization and water 
quality degradation. We suggest that water quality can be used to predict the presence of bat 
species of conservation concern, such as P. subflavus, in areas where it has not been studied 
locally. 
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dation	 and	 urbanization	 independently	 at	 the	 landscape	 scale.	Eptesicus fuscus	 and	




























altered	 the	physical	 structure	of	water	bodies,	 the	 inputs	 into	water	
bodies,	and	the	composition	of	natural	biological	communities	in	water	












areas	 or	water	 saline	 percentages	 (Cooper,	 1993;	 Griffiths,	 Donato,	
Lumsden,	&	Coulson,	 2014;	 Smith	 et	al.,	 1999).	Third,	water	 quality	





specific	 bat	 activity	 responses	 to	water	quality	 change	 (e.g.,	Clarke-	
Wood	 et	al.,	 2016;	 Kalcounis-	Rueppell	 et	al.,	 2007;	 Korine	 et	al.,	
2015;	Naidoo	et	al.,	2013;	Vaughan,	Jones,	&	Harris,	1996).	Acoustic	
recordings	have	shown	 that	 there	are	 species	more	active	over	 less	
polluted	 water,	 such	 as	 Eptesicus fuscus	 (Kalcounis-	Rueppell	 et	al.,	
2007),	Myotis capaccinii	(Biscardi	et	al.,	2007),	M. daubentonii	(Abbott	
et	al.,	2009),	and	M. dasycneme	 (Sijpe	et	al.,	2004).	 In	contrast,	other	
species	have	been	found	to	be	more	active	over	polluted	water,	such	







tal	design	 (e.g.,	Kalcounis-	Rueppell	 et	al.,	 2007;	Naidoo	et	al.,	 2013;	
Vaughan	et	al.,	1996).	In	these	studies,	water	quality	degradation	was	
concomitant	with	 urbanization	 gradients	 (Clarke-	Wood	 et	al.,	 2016;	
Kalcounis-	Rueppell	et	al.,	2007)	making	it	difficult	to	disentangle	the	
effects	of	water	quality	and	urbanization.	For	example,	 in	Kalcounis-	





In	 addition	 to	 water	 quality,	 bats	 respond	 to	 urbanization	 in	 a	





et	al.,	 2010;	 Russo,	 Cistrone,	 &	 Jones,	 2012).	 Many	 studies	 have	
shown	 that	 E. fuscus	 prefers	 urban	 downtown	 areas	 where	 it	 uses	
urban	roosts	(Duchamp,	Sparks,	&	Whitaker,	2004;	Li	&	Wilkins,	2014;	
Neubaum	 et	al.,	 2007;	 Williams	 &	 Brittingham,	 1997).	 In	 contrast,	
there	are	many	bat	species	that	avoid	urban	downtown	areas	due	to	
the	 lack	 of	 vegetation	 or	 human	 bat	 conflicts	 (e.g.,	 Duchamp	 et	al.,	
2004;	 Threlfall,	 Law,	 &	 Banks,	 2012,	 2013a,	 2013b).	 Furthermore,	
within	 urban	 areas,	 different	 bat	 species	 can	 show	activity	 and	dis-
tribution	differences	in	response	to	urban	spatial	heterogeneity	(Li	&	
Wilkins,	2014;	Luck,	Smallbone,	Threlfall,	&	Law,	2013).





radation	 (negative,	 Abbott	 et	al.,	 2009;	 neutral,	 Sijpe	 et	al.,	 2004;	










Our	 objective	 was	 to	 disentangle	 the	 effects	 of	 water	 quality	
and	urbanization	on	bat	 activity	 through	a	 landscape-	scale	 analysis.	
Specifically,	we	wanted	 to	 determine	whether	 patterns	 of	 relation-
ships	between	water	quality	and	species-	specific	bat	activity	at	a	sin-
gle	stream	scale	would	be	evident	at	a	landscape	scale,	independent	












respond	 positively	 to	 urbanization	 whereas	 other	 species,	 such	 as	
N. humeralis	and	P. subflavus	would	have	no	response.
2  | METHODS
2.1 | Sample site selection and transect mapping
The	 study	 area	was	 the	 state	 of	North	 Carolina,	 USA.	We	 used	 the	
standardized	 bat	 sampling	 protocols	 from	 the	 North	 American	 Bat	
Monitoring	Program	 (NABat,	Loeb	et	al.,	2015)	 to	record	bat	activity.	








in	North	Carolina	as	 the	candidate	grid	 cells.	We	 followed	 the	GRTS	
ranking	to	choose	cells	as	sample	sites	and	excluded	cells	that	met	one	


















2.2 | Acoustic mobile transect survey













































EPFU),	eastern	red	bat	 (Lasiurus borealis,	LABO),	hoary	bat	 (Lasiurus ci-
nereus,	LACI),	silver-	haired	bat	(Lasionycteris noctivagans,	LANO),	evening	
bat	 (Nycticeius humeralis,	 NYHU),	 tricolored	 bat	 (Perimyotis subflavus,	
PESU),	and	Mexican	free-	tailed	bat	(Tadarida brasiliensis,	TABR).	Secondly,	
we	only	identified	a	call	file	to	species	when	the	unique	characteristics	






























per	 transect	 for	 each	 species.	The	 two	 transect	 nights	 sampled	 for	
each	grid	cell,	 in	each	year,	were	averaged	to	reduce	temporal	auto-
correlation	(Wright,	Irvine,	&	Rodhouse,	2016).
2.4 | Urban land cover data
We	characterized	urban	development	using	the	National	Land	Cover	
Database	 2011	 (NLCD	 2011,	 Homer	 et	al.,	 2015)	 and	 calculated	
the	percentage	of	 land	categorized	as	 “urban	development”	at	each	
sample	 site.	We	used	ArcMap	 (10.4.1,	 ESRI,	California)	 to	 generate	
a	5-	km-	radius	buffer	along	each	of	our	41	sample	sites	(around	each	
driving	 transect).	We	 selected	 5	km	 as	 the	 buffer	 radius	 because	 it	
represents	 the	 active	 range	 of	 bat	 species	 involved	 in	 this	 study	
(Barclay,	1985;	Kunz	&	Fenton,	2006;	Norberg,	1990).
To	calculate	the	percentage	of	land,	we	used	buffers	to	extract	land	
cover	 raster	 images	 from	NLCD	2011	and	generated	Tag	 Image	File	
Format	(TIFF)	files	in	ArcMap.	We	then	used	FRAGSTATS	(McGarigal,	
Cushman,	&	Ene,	 2012)	 to	 extract	 the	 land	 cover	 percentages	 from	
TIFF	files.	Within	NLCD	2011,	there	are	four	categories	of	urban	devel-
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transect	 to	 include	 all	water	 sampling	 locations.	 In	 total,	 593	water	
sampling	 locations	were	 included	 among	41	 sample	 sites	 (Figure	2).	
The	minimum	number	of	water	 sampling	 locations	per	buffer	was	5	
and	the	maximum	was	40.	We	only	used	the	most	current	water	qual-
ity	 rating	 (from	2014	 to	2016)	 for	each	water	 sampling	 location.	As	



















generated.	 Instead	of	 evaluating	one	p	value	 for	 one	 regression	 es-
timate,	the	posterior	mean	of	simulated	regression	estimates	and	its	
95%	confidence	 interval	 (CI)	were	examined.	 If	 the	posterior	mean’s	
95%	CI	did	not	overlay	with	0,	data	converged	and	there	was	a	sig-








     |  671LI and KaLCOUnIS- RUEPPELL
When	 constructing	 the	GLM,	we	modeled	 the	data	with	 a	 neg-
ative	 binomial	 distribution	 due	 to	 data	 overdispersion	 (Frühwirth-	
Schnatter,	 Frühwirth,	 Held,	 &	 Rue,	 2009;	 Martin	 et	al.,	 2011).	 For	









another	 preliminary	 analysis,	 we	 checked	 for	 collinearity	 between	






To	 test	 the	 hypotheses	 about	 the	 effects	 of	 water	 quality	 and	
urban	land	cover	on	bat	activity,	we	used	the	MCMC	simulation	mod-
eling	 technique	 described	 above.	 We	 constructed	 species-	specific	
GLMs	with	bat	activity	as	 the	dependent	variable	and	water	quality	












files),	E. fuscus	(420	files),	L. noctivagans	(310	files),	T. brasiliensis	(228	
files),	and	L. cinereus	(104	files).
We	 found	 no	 relationship	 between	 species-	specific	 bat	 activity	
and	the	following	survey	covariates:	total	time	of	survey,	temperature,	
relative	humidity,	wind	speed,	cloud	cover,	and	moon	phase.	However,	




and	 35.1%	with	 a	mean	 and	 standard	 error	 of	 10.5	±	8.6%.	Among	
these	sites,	11	had	a	water	quality	mode	of	“excellent,”	nine	of	“good,”	
14	of	“good-	fair,”	and	seven	of	“fair”.	No	sample	site	had	a	water	qual-
ity	 mode	 of	 “poor”.	 The	 multinomial	 regression	 model	Wald’s	 tests	
showed	no	correlation	between	water	quality	and	percentage	of	urban	
development	land	cover	(Table	2;	Figure	4).
3.1 | The effect of water quality on bat activity
The	effect	of	water	quality	on	bat	activity	is	varied	by	species	(Table	3;	
Figure	5).	Three	bat	species	showed	a	significant	negative	response	to	
water	 quality	 degradation.	 E. fuscus	 activity	 was	 approximately	 three	
times,	1.9	times,	and	3.6	times	higher	when	comparing	water	quality	cat-
egory	“excellent”	to	“good,”	“good-	fair,”	and	“fair,”	respectively.	L. cinereus 
activity	was	 approximately	 five	 times,	4.3	 times,	 and	4.2	 times	higher	
when	 comparing	water	 quality	 category	 “excellent”	 to	 “good,”	 “good-	
fair,”	and	“fair,”	respectively.	T. brasiliensis	activity	was	approximately	2.6	
times	higher	at	“excellent”	water	sites	than	at	“fair”	water	sites.
In	 contrast,	 two	 species	 showed	 a	 significant	 positive	 response	






Lasionycteris noctivagans or N. humeralis	and	water	quality.
















Species Posterior mean Lower 95% CI Upper 95% CI
EPFU 0.212 −0.394 0.819
LABO 0.089 −0.178 0.359
LACI −0.563 −1.208 0.077
LANO 0.215 −0.201 0.660
NYHU* 0.436 0.116 0.744
PESU 0.205 −0.159 0.594

















4.1 | The effect of water quality on bat activity
At	the	 landscape	scale,	we	found	that	E. fuscus	and	L. cinereus were 
more	active,	whereas	P. subflavus	was	less	active,	in	areas	with	higher	
water	quality	and	that	N. humeralis	did	not	respond	to	water	quality	
degradation.	 There	 could	 be	 multiple	 mechanisms	 that	 explain	 the	
patterns	that	we	found	at	the	landscape	scale	that	include	prey	avail-
ability,	 drinking	water	 availability,	 and	 toxicity.	Aquatic	 insect	 avail-
ability	 changes	 in	 response	 to	water	 quality	 degradation,	 and	 there	
are	 demonstrated	 species-	specific	 responses	 to	 water	 quality	 deg-




chemical	 bioaccumulation	 (e.g.,	 Clarke-	Wood	 et	al.,	 2016;	 Korine	
et	al.,	 2015)	 and/or	 drinking	 water	 availability	 (e.g.,	 Cooper,	 1993;	














F IGURE  3 Species-	specific	relationships	between	bat	activity	and	year.	The	species	abbreviations	are	as	follows:	Eptesicus fuscus,	EPFU;	
Lasiurus borealis,	LABO;	Lasiurus cinereus,	LACI;	Lasionycteris noctivagans,	LANO;	Nycticeius humeralis,	NYHU;	Perimyotis subflavus,	PESU;	and	
Tadarida brasiliensis,	TABR.	Significant	difference	is	indicated	by	*.	More	NYHU	calls	were	recorded	in	2016
NYHU PESU TABR
EPFU LABO LACI LANO
2015 2016 2015 2016 2015 2016



















































Water quality Coefficient SE z p > |z|
Good	~	excellent 0.066 0.063 1.044 0.296
Good-	fair	~	
excellent
0.083 0.058 1.421 0.155
Fair	~	excellent 0.073 0.065 1.119 0.262
Comparisons	 were	 made	 between	 “excellent”	 and	 other	 water	 quality	
categories.
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to	water	quality	degradation	and	it	is	possible	that	the	same	mech-
anism	can	explain	our	landscape-	scale	concordant	results;	however,	
this	 would	 require	 additional	 studies.	 Regardless	 of	 whether	 the	
mechanisms	 that	 explain	 the	 landscape	 and	 local	 patterns	 are	 the	
same,	we	show	that	local	scale	studies	are	relevant	at	the	landscape	

































Species Water quality Posterior mean Lower 95% CI Upper 95% CI
EPFU Good	~	excellent* −1.106 −1.899 −0.295
Good-	fair	~	excellent* −0.637 −1.333 −0.058
Fair	~	excellent* −1.301 −2.208 −0.410
LABO Good	~	excellent* 0.420 0.035 0.796
Good-	fair	~	excellent 0.349 −0.010 0.714
Fair	~	excellent 0.310 −0.122 0.727
LACI Good	~	excellent* −1.632 −2.724 −0.694
Good-	fair	~	excellent* −1.146 −1.866 −0.441
Fair	~	excellent* −1.553 −2.607 −0.586
LANO Good	~	excellent −0.338 −0.949 0.291
Good-	fair	~	excellent −0.222 −0.698 0.269
Fair	~	excellent −0.595 −1.295 0.117
NYHU Good	~	excellent 0.293 −0.190 0.786
Good-	fair	~	excellent 0.134 −0.261 0.539
Fair	~	excellent 0.105 −0.383 0.602
PESU Good	~	excellent* 0.603 0.017 1.161
Good-	fair	~	excellent* 0.868 0.369 1.380
Fair	~	excellent* 0.901 0.296 1.500
TABR Good	~	excellent −0.468 −1.187 0.193
Good-	fair	~	excellent −0.217 −0.802 0.345
Fair	~	excellent* −0.951 −1.822 −0.089
Comparisons	were	made	 between	 “excellent”	 and	 other	water	 quality	 categories.	 If	 the	 regression	




















More	 long-	term	 population	 trend	 data	 and	 individual	 physiological/
reproductive	data	would	be	needed	to	evaluate	whether	water	quality	
degradation	is	a	major,	long-	term,	threat	to	bats	in	our	study	area.

















Species Posterior mean Lower 95% CI Upper 95% CI
EPFU 0.024 −0.008 0.060
LABO −0.010 −0.026 0.007
LACI 0.014 −0.025 0.054
LANO* 0.032 0.011 0.053
NYHU −0.002 −0.019 0.017
PESU −0.015 −0.037 0.009




F IGURE  5 Species-	specific	relationships	between	bat	activity	and	water	quality.	The	species	abbreviations	are	as	follows:	Eptesicus fuscus,	






EPFU LABO LACI LANO
Excellent Good Good−fair Fair Excellent Good Good−fair Fair Excellent Good Good−fair Fair
Excellent Good Good−fair Fair Excellent Good Good−fair Fair Excellent Good Good−fair Fair
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area	 (Gehrt	 &	 Chelsvig,	 2004,	 but	 see	 Dixon,	 2011).	 As	 L. noctiva-
gans	is	considered	a	tree-	roosting	species	(Cryan,	2003),	it	is	unlikely	
that	urban	areas	provide	additional	 roost	 sites	as	with	T. brasiliensis; 
however,	 there	may	be	 foraging	 resources	 (prey	or	habitat)	 that	 are	
enhanced	in	urban	areas.	Further	studies	are	needed	to	better	under-
stand	the	urban	ecology	of	L. noctivagans.
Although	E. fuscus	 has	been	shown	 to	prefer	urban	areas	where	
















In	 conclusion,	 our	 study	 is	 the	 first	 to	 disentangle	 the	 effects	 of	
urbanization	and	water	degradation	on	bats	at	the	landscape	scale.	We	
show	that	water	quality	degradation	and	urbanization	can	negatively	




scale	 are	 also	 evident	 at	 the	 landscape	 scale.	 The	 concordance	 be-
tween	scales	underscores	 the	 important	contribution	 that	 local	 scale	
studies	of	water	quality	and	urbanization	make	to	understanding	bat	
biology.	Future	studies	should	examine	mechanisms	that	regulate	how	




as	follows:	Eptesicus fuscus,	EPFU;	Lasiurus borealis,	LABO;	Lasiurus cinereus,	LACI;	Lasionycteris noctivagans,	LANO;	Nycticeius humeralis,	NYHU;	
Perimyotis subflavus,	PESU;	and	Tadarida brasiliensis,	TABR.	Generalized	linear	models	suggested	that	only	LANO	and	TABR	activity	consistently	
increased	as	more	urban	land	cover	was	present	in	the	5-	km-	radius	buffer	of	a	site
10 20 30 10 20 30 10 20 30
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